Nitrophorin 4 (NP4) is one of seven nitric oxide (NO) transporting proteins in the blood-sucking insect Rhodnius prolixus. In its physiological function, NO binds to a ferric iron centered in a highly ruffled heme plane. Carbon monoxide (CO) also binds after reduction of the heme iron. Here we have used Fourier transform infrared spectroscopy at cryogenic temperatures to study CO and NO binding and migration in NP4, complemented by x-ray cryo-crystallography on xenon-containing NP4 crystals to identify cavities that may serve as ligand docking sites. Multiple infrared stretching bands of the heme-bound ligands indicate different active site conformations with varying degrees of hydrophobicity. Narrow infrared stretching bands are observed for photodissociated CO and NO; temperature-derivative spectroscopy shows that these bands are associated with ligand docking sites close to the extremely reactive heme iron. No rebinding from distinct secondary sites was detected, although two xenon binding cavities were observed in the x-ray structure. Photolysis studies at ϳ200 K show efficient NO photoproduct formation in the more hydrophilic, open NP4 conformation. This result suggests that ligand escape is facilitated in this conformation, and blockage of the active site by water hinders immediate reassociation of NO to the ferric iron. In the closed, low-pH conformation, ligand escape from the active site of NP4 is prevented by an extremely reactive heme iron and the absence of secondary ligand docking sites.
Nitrophorins (NPs) 1 are proteins that transport nitric oxide (NO) from the salivary glands of blood-sucking insects to their victims, resulting in vasodilation and reduced blood coagulation (1) (2) (3) (4) . Seven nitrophorins (NP1-7) have been identified from Rhodnius prolixus (4 -6) , all of which share the lipocalin fold (7) consisting of a ␤-barrel with a highly nonplanar, ruffled heme inserted into one end of the barrel and attached to the protein through a proximal histidine (8) . Of the seven Rhodnius nitrophorins, NP4 has been particularly well characterized (10 -13) . 2 Like all other NPs, NP4 requires a ferric heme to function as an NO-binding protein. Reduction of the heme iron will cause nearly irreversible binding of NO. In the absence of NO, NP4 has a spacious distal pocket that allows easy solvent access (12) . Upon NO binding, two loops, the A-B loop (residues 31-37) and the G-H loop (residues 125-132) pack tightly around the NO ligand and form a hydrophobic trap (13) . The trapping mechanism utilizes the pH sensitivity of the protein conformation. At pH 5, the approximate pH of the insect saliva, the "closed" conformation is stabilized for the NO complex, whereas at pH 7, the approximate pH of the victim's tissue, the closed conformation is destabilized (2, 14) .
The kinetics of NO binding and release by NP4 are multiphasic (2, 14) , implying static or dynamic active site heterogeneity, which was, however, not apparent in the ultra-high resolution x-ray structure of NP4NO at pH 5.6. In contrast to x-ray diffraction, infrared (IR) spectroscopy is a very sensitive tool for studying structural heterogeneity in heme proteins. In most studies, carbon monoxide (CO) has served as probe molecule because of its strong IR absorbance bands in the heme-bound form and when it is trapped within the protein matrix (15) (16) (17) (18) . The CO stretching frequency is finely tuned by its immediate environment, mainly through Stark effects of the local electric field acting on the CO dipole (19 -22) . In myoglobin (Mb), for example, heme-bound CO displays three discrete absorbance bands (23, 24) arising from three distinct conformations (A substates) that differ in the way the distal histidine is positioned within the heme pocket (25, 26) . In contrast to NO, CO binds only to ferrous heme.
In this work, we have investigated ligand binding and possible migration in NP4 with Fourier transform infrared (FTIR) spectroscopy. We have begun our studies with CO to exploit its superb properties as an IR marker and then extended them to NO, the physiologically relevant ligand of ferric NP4. Recent work on myoglobin has stressed the significance of its hydrophobic cavities, the so-called "xenon cavities" named after their ability to bind xenon (27) . Two of them were shown to play important roles as transient docking sites for ligands migrating through the protein matrix (17, 28 -30) . To identify internal docking sites in NP4, we have determined the x-ray structure of NP4 at 100 K in the presence of xenon. Two xenon binding cavities were identified. The IR data show, however, that these sites are not significantly accessed by photodissociated ligands at a low temperature.
MATERIALS AND METHODS
Sample Preparation-Recombinant NP4 protein was isolated and renatured from inclusion bodies in an overexpressing strain of Escherichia coli, as described previously (11, 31) . To obtain CO-ligated samples, a ϳ10 mM protein solution was prepared in glycerol and 1 M potassium phosphate buffer cryosolvent (3:1 by volume). The solution was equilibrated with 1 atm of CO for 1 h. A 2-fold molar excess of sodium dithionite was added anaerobically before stirring for another 15 min under CO atmosphere. To remove any protein aggregates, the sample solution was centrifuged prior to loading it into the sample cell. For NO-ligated samples, the protein in the cryosolvent was thoroughly deaerated with nitrogen and equilibrated with NO for 15 min.
FTIR Spectroscopy-A few microliters of the protein solution were kept between two CaF 2 windows (diameter 25.4 mm) separated by a 75-m-thick mylar washer and mounted inside a block of oxygen-free high conductivity copper on the cold finger of a closed cycle helium refrigerator (model SRDK-205AW; Sumitomo, Tokyo, Japan). The sample temperature was measured with a silicon temperature sensor diode and adjusted between 3 and 320 K using a digital temperature controller (model 330; Lake Shore Cryotronics, Westerville, OH). A continuous wave, frequency-doubled neodymium-YAG laser (model Forte 530-300; Laser Quantum, Manchester, UK) emitting 300 milliwatts of output power at 532 nm was used to photolyze the sample at a photolysis rate of k L Ϸ 20 s Ϫ1 . The laser beam was split and focused with lenses on both sides of the sample. Transmission spectra were collected on an IFS 66v/S spectrometer (Bruker, Karlsruhe, Germany) in the mid-infrared between 1800 and 2400 cm Ϫ1 at a resolution of 2 cm Ϫ1 . To investigate the temperature dependence of ligand binding, we used temperature-derivative spectroscopy (TDS), a technique designed to study thermally activated rate processes (23, 32, 33) . Whereas the technique is routinely used to study CO association to heme proteins, it has been applied for the first time to NO. Briefly, ligands are trapped selectively at intermediate docking sites within the protein matrix by photodissociation at particular temperatures. Subsequently, as the sample temperature is slowly ramped up linearly in time, FTIR transmission spectra are taken continuously, one spectrum for each kelvin temperature increase. Absorbance difference spectra are calculated from transmission spectra at successive temperatures. TDS data are conveniently presented as logarithmically scaled contour plots of the absorbance change on a surface spanned by the wavenumber and temperature axes.
Three different illumination protocols have been employed. Illumination for 1 s at 3 K ensures that each protein absorbs at least one photon. At this low temperature, photolyzed ligands are normally trapped in the primary docking site. Detailed studies of photoproduct states in MbCO have shown that extended illumination, especially at higher temperatures, is a means to drive ligands into more remote sites where they encounter higher overall enthalpy barriers against recombination (33). To examine if secondary docking sites also exist in NP4, the samples were cooled under illumination from 160 to 3 K at a rate of 5 mK/s. In a third experiment, the samples were illuminated at 185 K for 2 h and subsequently cooled under light to 140 K at 5 mK/s. This procedure is designed to create photoproduct intermediates above the glass transition temperature of the cryosolvent (ϳ175 K). In this temperature range, large scale protein motions are possible so that the protein may switch to another conformation with entirely different ligand binding properties.
Crystallography-Crystals of NP4 were grown from hanging drops, pH 7.5, using ammonium phosphate as a precipitant as described previously (11) . Xenon gas was added to a crystal under pressure using a xenon chamber (Hampton Research, Laguna Niguel, CA) following the manufacturer's instructions and then flash-frozen in liquid nitrogen. Diffraction data were measured at 100 K to 1.45 Å resolution on a Rigaku R-AXIS IV 2ϩ image plate detector associated with a copper rotating anode x-ray source and Osmic mirrors. Data were processed with d*TREK (34) and CCP4i (35) (Table I) . Coordinates from a similar structure determined without xenon gas (Protein Data Bank entry 1D2U) (12) 3 were refined against these data using REFMAC (35) . Both anomalous and model difference Fourier maps confirmed the presence of two xenon atoms in the protein. A model was built using the molecular graphics program O (37), and Fig. 6 was constructed with MOL-SCRIPT (38) , BOBSCRIPT (39) , and RASTER3D (40) . Coordinates have been deposited with the Protein Data Bank (41) (accession code 1U0X). Fig. 1 shows FTIR absorbance spectra of NP4CO and NP4NO at pH 7.5 as a function of temperature. Below ϳ160 K, the spectra remain essentially unchanged (data not shown). Between 160 and 200 K, a slight shift toward a lower wavenumber and a loss of absorbance with increasing temperatures is observed for both samples. For NP4CO, the integrated absorbance is essentially constant between 200 and 290 K, whereas the rather broad band shifts from 1963 to 1960 cm Ϫ1 . By contrast, the spectra of NP4NO show a much stronger temperature dependence. The band at 1908 cm Ϫ1 (A 1908 ) 4 loses almost 50% of its intensity, whereas that of A 1922 hardly changes. Both bands shift to the red with increasing temperature.
RESULTS

Temperature Dependence of FTIR Spectra-
FTIR Photolysis Difference Spectra-Difference spectra were calculated from transmission spectra collected before and after photolysis using the different illumination protocols (Fig. 2) . The experiments were initially performed on the NP4CO complex because a lot of spectroscopic data are available on hemebound and photodissociated CO in globins, which may aid in NP4NO data interpretation. Moreover, comparison of CO and NO could yield insights into the functional properties specific to NO. The negative features in Fig. 2 represent ligands dissociated from the heme-bound state; the less intense, positive bands are due to photolyzed ligands trapped at specific sites within the protein matrix. For comparison, the spectra of the overall heme-bound ligands at 3 K are also included (Fig. 2 , dashed lines). All peak positions are compiled in Table II . After a 1-s illumination at 3 K, the absorbance difference spectrum shows a majority band of heme-bound CO at 1963 cm Ϫ1 ; additional bands can be discerned at 1939, 1953, and 1972 cm Ϫ1 . Only ϳ45% of the ligands can be trapped at photoproduct sites in the time it takes to collect an FTIR spectrum (ϳ100 s). The photodissociated ligands give rise to much less intense bands as compared with those of the heme-bound CO, the ratio of the integrated absorbances being 26. There are two bands at 2123 and 2151 cm Ϫ1 ; weaker bands are visible at 2116, 2130, and 2137 cm Ϫ1 . At pH 6.1 (Fig. 2a , gray solid lines), the minority bands on the red side of the peak at 1963 cm Ϫ1 are smaller. A larger fraction of photodissociated CO is trapped in B 2151 ; B 2130 has also gained population so that it is much more apparent among the other photoproduct bands. By using our extended illumination protocol with slow cooling from 160 to 3 K, especially the bands of heme-bound CO at 1953 and 1963 cm Ϫ1 have gained intensity; in the photoproduct region, the bands at 2123 and 2130 cm Ϫ1 have increased. The larger overall spectral area reflects a higher yield of long-lived photoproduct (ϳ55%). Upon illumination at 185 K, only a small fraction of ligands (ϳ10%) were kept photolyzed (dashed-dotted lines in Fig. 2a) , giving rise to photoproduct bands at 2128 and 2134 cm Ϫ1 , which may be identical to the bands found at 2130 and 2137 cm Ϫ1 at 3 K. Fig. 2b shows the corresponding photolysis difference spectra of the NO stretching bands. NO-ligated NP4 at pH 7.5 displays only two absorbance bands (Fig. 2b, dashed line) , a large band at 1908 cm Ϫ1 , and a smaller one at 1922 cm Ϫ1 . The population ratio is pH-dependent; at higher pH the band at 1922 cm
Ϫ1
dominates the spectrum (data not shown). After a brief illumination at 3 K (Fig. 2b, solid line) , the spectrum shows that altogether ϳ60% of all heme-bound ligands are photolyzed after a 1-s illumination, with ϳ80% of NO ligands from molecules in conformation A 1922 and ϳ55% of the ligands in A 1908 . The corresponding photoproduct bands are found at 1858, 1865, and 1869 cm Ϫ1 . The ratio of integrated absorbances of NO in the bound and photolyzed states is 66, much larger than for CO. The spectrum after slow cooling under illumination from 160 to 3 K (dotted line) shows slightly more photodissociated ligands (68%), with the increase predominantly in A 1922 . The photoproduct band B 1864 has markedly gained intensity, whereas the fraction of NO ligands at photoproduct site B 1858 has decreased slightly. At 185 K, the generation of long-lived photoproducts is essentially restricted to heme-bound state A 1922 , and only a single, rather broad photoproduct band centered at 1864 cm Ϫ1 is visible. TDS Studies-To examine ligand binding as a function of temperature, TDS experiments were performed subsequent to the three illumination protocols described above. After 1-s illumination, recombination is already significant at 3 K for both NO and CO ligands, peaks at 15 and 12 K, respectively, and is completed by ϳ45 K (Fig. 3, a and c) . If the samples are cooled under light (Fig. 3, e and g ), rebinding extends out to ϳ70 K. However, the effect is overemphasized by the logarithmic scaling of the contours. Indeed, the fraction of CO and NO ligands rebinding at higher temperatures is very small, as can be inferred from the integrated absorbance differences plotted in Fig. 4 , which were calculated from the TDS data in Fig. 3 . For comparison, TDS data of the MbCO mutant H64L are also included. 5 This mutant shows maximum rebinding at ϳ38 K after a 1-s illumination; Ͼ50% of all photolyzed ligands can be trapped at a secondary site after slow cooling under illumination, from where they rebind at ϳ70 K.
In the photoproduct maps of NP4NO (Fig. 3, b and f) , recombination from the dominant intermediate site B 1858 occurs at 15 K. Ligands from the other photoproduct states rebind at slightly lower temperatures. CO ligands trapped in state B 2124 also rebind at 15 K (Fig. 3, d and h) , whereas recombination from intermediate B 2151 is already maximal at ϳ5 K. Because of the low fractions of ligands rebinding above ϳ40 K, we were unable to resolve the corresponding photoproduct bands. (50) 2130 (23) 2130 (27) 1972 (13) 2137 (4) 2137 (3) 2151 (9) 2151 (7) NP4CO 1949 (14) 2116 (7) 2116 (4) 
1922 (26) 1865 (22) 1864 (32) 1869 (15) 1868 (21) a Values in parentheses refer to 1-s illumination. Xenon Pockets in NP4 -In Mb, xenon-accessible cavities are key determinants for CO entry and exit (17, 28 -30) . To investigate whether analogous pockets exist in NP4, we have measured diffraction data from an NP4 crystal (pH 7.4) after the introduction of xenon gas from which a major and a minor xenon pocket were found. The anomalous difference electron density map, which indicates atoms that diffract anomalously because of the absorption of x-rays, displayed three peaks. Peak 1 (36 ) was located on the proximal side of the heme in a cavity typically occupied by a water molecule (Fig. 6 ). Peak 2 (9 ) was located on the distal side of the heme in steric conflict with the side chain of Leu-130. The third peak (30 ) was centered on the heme iron. A difference electron density map calculated with a model determined without xenon gas displayed strong peaks at positions corresponding to anomalous peaks 1 and 2 (50 and 14 , respectively). Based on these observations, a fully occupied xenon atom (Xe1) was modeled at position one, and a partially occupied xenon atom (Xe2) was modeled at position 2 (occupancy ϭ 0.3).
Leu-130 is part of the G-H loop that undergoes a substantial change in conformation when NP4 binds NO or CO, particularly at low pH. The side chain of Leu-130 in the present structure (pH 7.4, NH 3 bound to heme) is clearly defined in the electron density map but displays a distinct second conformation, which relieves the steric conflict with Xe2 and was modeled with the same occupancy as Xe2 (0.3). This alternate conformation for Leu-130 is not observed in the structure of NP4NH 3 , determined to the much higher resolution of 0.85 Å. 3 Apparently, the xenon atom traps a transiently occurring minor conformation of Leu-130.
DISCUSSION
Infrared Stretching Bands of Heme-bound Ligands-
The stretching frequency of heme-bound NO is very sensitive to the oxidation state of the heme iron. When NO binds to ferric heme, the unpaired * electron back-bonds into the iron 3d orbitals, thereby increasing the NO bond order and yielding stretching frequencies of ϳ1900 cm Ϫ1 . Upon coordination to a ferrous heme, however, the unpaired * electron remains at the NO, and, consequently, ferrous NO complexes typically absorb at lower frequencies of 1600 -1650 cm Ϫ1 . For the NOligated NP4 sample, the bands at 1908 and 1922 cm Ϫ1 represent two distinct heme-bound conformations. NP1, which closely resembles NP4, also has two peaks at 1904 and 1917 cm Ϫ1 (42) . The appearance of the NO bands exclusively in the 1900 cm Ϫ1 region shows that autoreduction of the heme iron is absent in NP4. In ferric horse MbNO, an NO stretching band is found at 1927 cm Ϫ1 in the wild-type form and at 1904 cm Ϫ1 in the apolar mutant H64L (43) . This observation shows that heme-bound NO has a similar sensitivity to its local environment as does CO (44) . By analogy, we suggest that the two conformations of NP4 also differ in the polarity of the distal pocket, with the low pH A 1908 having a more hydrophobic distal pocket. This interpretation is supported by the FTIR spectra taken on the NP4CO complex. Multiple absorbance bands at pH 7.5 indicate significant heterogeneity at the active site (Fig. 2a) . At 3 K, the most pronounced bands are A 1954 , A 1972 , and A 1964 , with the latter dominating at low pH. Stretching frequencies of ϳ1960 cm Ϫ1 are typical for a heme-bound CO in an apolar distal pocket (45, 46) . Hydrophobicity and structural homogeneity of the NP4CO distal pocket apparently increase with decreasing pH (Fig. 2a, gray line) . In the x-ray structures of both the NO and CO complexes, the A-B and G-H loops at the front of the binding pocket are indeed ordered in a single conformation and in contact with the ligand at pH 5.6 but occupy multiple conformations at pH 7.4 (12-14).
2,3
Secondary Ligand Docking Sites in NP4 -In the free gas state, NO has a stretching frequency of 1840 cm Ϫ1 (47) . The frequencies of photodissociated NO trapped within the NP4 protein matrix are slightly larger (Fig. 2b) . In Mb II NO, Miller et al. (43) have identified two NO photoproduct bands at 1852 and 1857 cm Ϫ1 and assigned them to opposite orientations of the NO at the initial docking site B. In general, the three photoproduct bands of NP4NO could arise from different orientations of NO within one site, from different sites within a single conformation, or from different docking sites in different protein conformations. From the FTIR spectrum collected after illumination at higher temperature (Fig. 2b, dashed- (16, 17) . Charges in the vicinity of the CO will change the CO frequency. For example, a negative partial charge next to the CO oxygen will increase the triple bond character and thus shift the stretching frequency to higher values (15, 18) . In NP4CO at pH 7.5, the majority of photodissociated CO ligands absorbs at ϳ2124 cm Ϫ1 . The B 2151 fraction is more pronounced at pH 6.1 and dominates the spectrum at even lower pH (data not shown). In wild-type MbCO, photoproduct B 0 has a similar stretching frequency (2149 cm Ϫ1 ) (17) due to the polar distal histidine interacting with the photolyzed ligand. Thr-121 in the back of the NP4 pocket could be a possible candidate for a polar side chain interacting with the CO. Preliminary results on the T121V mutant, however, indicate that B 2151 still persists in the absence of Thr-121. An alternative explanation would be an electrostatic interaction between the photolyzed CO and a backbone carbonyl that is modified by a pH-dependent structural rearrangement. Recombination of both CO and NO starts already at the lowest temperature and peaks at ϳ13 K. This indicates that ligands rebind from a docking site in the vicinity of the active site by overcoming a very low enthalpy barrier against recombination, reflecting an extremely reactive heme iron. The comparison with the Mb mutant H64L in Fig. 4 underscores this conclusion. Among a large number of mutant Mbs, H64L is known to have one of the lowest rebinding barriers. Fig. 4 shows that recombination from site B occurs at ϳ38 K and, thus, at a much higher temperature than in NP4. Moreover, after extended illumination, CO ligands in H64L MbCO are efficiently trapped in the Xe4 pocket from where they rebind in a well defined temperature range of ϳ70 K. For NP4, distinct maxima due to recombination from more remote sites are not resolved, and, therefore, clear cut secondary docking sites do not exist after photolysis at a low temperature. The observed slowing with extended illumination may be attributed to small structural changes near the active site, causing an increase of the ligand binding barrier. A similar effect is also visible in MbCO upon illumination below ϳ40 K (33). The minor distal pocket (Xe2) could also play a role in the transient binding of photolyzed ligands, but our results would then suggest that this pocket is only available in a very small fraction of proteins. Above the glass transition of the solvent (see below), conformational changes could make this pocket more accessible for ligands, but this is not evident from the present experiments. It is clear, however, that the Xe1 pocket on the proximal side cannot be occupied by photolyzed ligands.
Conformational Relaxation in NP4CO and NP4NO-In the initial NP4NO crystal structure, the heme-bound NO was refined in two orientations, a linear orientation as expected for a ferric heme-NO complex and a bent one (13) , which would explain the presence of two stretching bands. The electron density of an improved high resolution structure of NP4NO (12) , however, is consistent with only one orientation of hemebound NO. More importantly, it was confirmed that water molecules are expelled from the distal pocket upon NO binding and that the A-B and G-H loops pack around the heme-bound ligand, thereby decreasing the polar character of the ligand binding site. Thus, we propose that the two conformations represented by the NO stretching bands refer to the open (unpacked) and closed (packed) forms and, consequently, to different degrees of polarity. CO binding causes comparable rearrangements at the active site of NP4, as confirmed by the crystal structure of the complex. 2 However, hydrophobic trapping may be less efficient, as suggested by the increased heterogeneity as compared with NP4NO (Fig. 2) . In previously reported structures of NP4 ligated with NH 3 or CN Ϫ , no trapping was observed (8, 13) .
Ligand IR Spectra and Binding in a Fluctuating ProteinBelow 175 K, the cryosolvent is in a glassy state and thus impedes large conformational changes in the protein that require solvent rearrangements. At higher temperatures, however, the protein fluctuates, and the motional amplitudes increase with temperature (49) . These effects can be observed through temperature-dependent changes in the IR spectra. The absorbance spectra of the NP4NO complex in the temperature interval 220 -290 K (Fig. 1b) reveal a strong temperature dependence as compared with only moderate variations in the NP4CO spectra (Fig. 1a) . The pronounced loss of absorbance without any appreciable shift in frequency can be explained with large amplitude bending vibrations of the bound NO in the low pH conformation so that the IR transition dipole of the NO changes its orientation on the picosecond time scale. This model, which is analogous to our recent treatment of CO in a protein cavity (19) , is supported by the ultra-high resolution structure of NP4NO (pH 5.6), which confirms that the NO bond angle is easily deformable in the plane of the proximal histidine, causing the electron density of the ligand oxygen to be smeared (12) .
The formation of a covalent bond between heme iron and ligand is a thermally activated process, and, therefore, the production of photoproducts under steady illumination is getting increasingly more inefficient at higher temperatures (33, 50) . The heme iron is extremely reactive in NP4, as indicated by the low temperatures at which geminate rebinding is observed in the TDS plots in Fig. 3 . Therefore, it would be impossible to produce significant amounts of photoproduct at 200 K if rebinding in this temperature range were simply governed by the enthalpy barrier against bond formation, as is the case below the solvent glass transition. Yet, we observe CO and NO rebinding at ϳ200 K after illumination at temperatures above the solvent glass transition. In this temperature region, ligands can migrate away from the binding pocket into the solvent, and, furthermore, the protein can respond to ligand exit by assuming other conformations, including those in which part of the protein moiety may even occlude the active site. These processes generate rather high effective free energy barriers against recombination and lead to photoproduct lifetimes Ͼ100 s at 200 K. With our high temperature illumination protocol, we were able to generate ϳ10% of NP4CO photoproducts. We have previously reported a comparable photoproduct yield in studies on native MbCO (50) . This comparison emphasizes that the geminate barrier, which is much higher for MbCO, is not decisive for the CO photoproduct yield in this temperature range. Ferric NP4NO at the same pH has a significantly larger photoproduct yield of ϳ40%. The bound state spectrum shows that the photolyzed NO is missing from the conformation A 1922 , which is characterized by a more hydrophilic cavity. Even below the glass transition of the cryosolvent, ligands could be kept photolyzed more efficiently in this conformation (Figs. 2  and 3) .
From x-ray structure analyses of NP4 under different conditions, a unique ligand release mechanism was proposed that does not depend on the presence of internal cavities as in the globins but is based on a large scale structural rearrangement (12, 13) . Our spectroscopic observations lend strong support to this mechanism. In the hydrophobic, closed conformation, NO (and also CO) is strongly bound to the heme iron. The protein loops wrap around the ligand to prevent ligand escape (12) so that the ligand will be efficiently recaptured should thermal dissociation occur. In the hydrophilic, open conformation, the active site is more accessible to solvent (12) , which supports ligand escape into the solvent. However, the open structure alone does not guarantee efficient ligand release, as can be inferred from the low NP4CO photoproduct yield. A second and likewise important factor is the oxidation state of the heme iron. The ferrous form coordinates water very weakly; consequently, water binding to ferrous heme can only be observed at a cryogenic temperature (36) . By contrast, ferric heme typically forms stable complexes with water. Both ferric NP4 and (wildtype) Mb are water-coordinated, whereas Mb mutants in which the distal pocket was rendered completely hydrophobic show a low water affinity (9) .
Efficient blocking of the ferric heme by (solvent) water is likely the main reason for the markedly different photoproduct yields of CO and NO binding to NP4 after illumination above the solvent glass transition. Even below the glass transition, a water molecule could still be present in the distal pocket of the A 1922 conformation and thus impede direct rebinding, whereas photolyzed NO molecules in "water-free" A 1908 molecules will recombine too fast for us to detect. Finally, we note that the closed and open conformations A 1908 and A 1922 interconvert on time scales significantly slower than 100 s at 200 K; otherwise we could not observe their distinctly different properties under these conditions. The slow conformational change, which is even slower than the well studied A 0 /A 1 interconversion of MbCO (49) , is typical of rearrangements of larger protein domains such as the two protein loops packing around the ligand in NP4 (13) .
Conclusions-In this work, we have studied structural heterogeneity and ligand binding in NP4. In contrast to the ␣-helical globins, the lipocalin ␤-barrel does not provide secondary transient ligand docking sites in the interior of the protein that could act to promote ligand escape after thermal dissociation from the heme iron. Apparently, the special structural features of the lipocalin fold avoid the necessity of transient docking sites that are known to affect ligand binding in globular heme proteins. NO is much more reactive than O 2 , so the NPs must protect it until it is time for release at the neutral pH in the victim's blood vessel. The large cup-shaped crevice at one end of the ␤-barrel holding the heme plane and the highly flexible loop scaffold at its entrance are best suited for this special task. Our results suggest that a conformational change is essential for this function. In the closed, low-pH conformation, ligand escape from the active site of NP4 is very difficult because of an extremely reactive heme iron and the missing ligand docking sites. The large photoproduct yield of the open, high pH conformation suggests that ligand escape is facilitated, and blockage of the active site by water hinders direct reassociation of NO in the ferric form.
